A series of end-capped triply branched dendritic chromophores have been studied by means of density functional theory calculations. It is found that the second order nonlinear optical properties of the end-capped dendrimers are strongly dependent on the mutual orientations of the three chromophores, numbers of caps and the conjugation length of the chromophores. Large enhancement of the first hyperpolarizability can be obtained when dipole moments of three branches in the dendrimers are highly parallelized.
I. INTRODUCTION
In recent years, nonlinear optical (NLO) materials have continued to receive increasing attention due to their wide potential applications in various electronic and photonic technologies such as telecommunications, optical switching, and optical computing [1] [2] [3] [4] [5] . Finding materials with even larger nonlinear optical properties has always been the key to the development of the field. Typical nonlinear optical materials with large first hyperpolarizability always possess electron donors and acceptors at the ends of a conjugation bridge, the so-called push-pull configuration [6, 7] . For any realistic applications, the concentration of nonlinear optical chromophores should be higher. Due to strong dipolar interaction, the push-pull molecules turn to form aggregates with antiparallel dipoles which then reduce the nonlinear optical response of the total system drastically. One way to overcome this problem is to align molecules with an electric field. The electric field poling effect of the dipolar molecules have accordingly been studied by experiment and theory [8] [9] [10] [11] [12] . In general, it is difficult to break up the dipolar aggregates by an external field due to the lack of polarity, and to control the interaction between different chromophores. An alternative approach is to construct three-fold symmetric dendritic architectures of dipolar chromophores to enhance the local density of the nonlinear optical molecule and to have well controlled inter-molecular interactions. This approach has been able to provide superior nonlinear optical response in polymers compared to the corresponding single-strand dipolar chromophores [13] [14] [15] [16] [17] [18] [19] . We have shown recently in a joint experimental and theoretical study that at a molecular scale a three-branched * Author to whom correspondence should be addressed. E-mail: liukai@lyu.edu.cn dendritic design of dipolar chromophores also demonstrates advantages in nonlinear optical activities with respect to the single-strand dipolar chromophores [20] .
In this work, we have extended previous work by presenting new theoretical results of different molecular systems, in particular the prediction of the performance of the dendrimers with both end-capped.
II. COMPUTATIONAL DETAILS
We have chosen two push-pull (D-π-A) conjugated molecules, named as compound A and compound B, respectively, as shown in Fig.1 (a) and (b) as the basic dipolar chromophores. Compound A with different ethylene units (n=1, 2, 3, 4) have been considered. These two compounds have slightly different conjugation bridge, and the strength of acceptor in compound B is stronger than that of compound A. We have constructed two types of dendritic structures. The first one is the so-called one-end-capped model, in which three D-π-A branches are capped at the ends of donors, as illustrated in Fig.1(c) . By binding the acceptors of the three chromophores together, it comes to the second structure: two-end-capped model in Fig.1(d) . As shown in Fig.1 , different R1 and R2 groups can be used for dendritic structures. We have made three one-end-capped structures of compound A, named as APM i , AHM i , and AHH i in which R1 and R2 groups are represented by phenyl and methyl, H and methyl, H and H, respectively, and a one-end-capped structure of compound B, BPM i . Different conformations can occur for one specific structure, the notion i in the name of the structure is used to distinguish them.
Two-end-capped structures are mainly constructed for compound A, for which one of the C−N bonds of the acceptor is broken to make connection to the second cap.
Five different caps (R3) that are connected to acceptors have been chosen, which are labeled as c0, c1, c2, c3, and c4, corresponding to H−Si−,
Slight different c4 caps have been used for APM i and AHH i , which have the forms of (
The conjugation length dependence of NLO properties have been examined using compound A as model system. Compounds with one to four ethylene units, named as A, A2, A3, and A4, respectively, have been calculated, together with the corresponding one-endcapped structure APM i and two-end-capped structure APMc4.
All molecular structures are optimized with the Austin model 1 (AM1) [21, 22] , while calculations for dipole moments and first hyperpolarizabilities are performed by means of density functional theory at B3LYP level [23, 24] . Two sets of basis functions, small and big, have been employed. For the small set, effective corepotential (ECP) basis sets LanL2DZ is used for Si atom and basis set 3-21G for all the others. In another case, basis sets 6-31G
* are used for all atoms, which lead to 3052 basis functions for the largest system under investigation, BPMc4 (366 atoms). It is noted that with 3-21G/LanL2DZ basis sets, only 1956 basis functions for BPMc4 are needed, which is substantially smaller than the use of 6-31G * basis sets. Time-dependent density functional theory (TDDFT) calculations with B3LYP and 3-21G/LanL2DZ have also been carried out to obtain optical absorption properties of few specific structures. All quantum chemical calculations are done with Gaussian program package [25] .
III. RESULTS AND DISCUSSION

A. One-end-capped model
We have paid much attention to dendrimers of compound A. A few tests have also been carried out for dendrimers of compound B for comparison and verification. The first issue that needs to be addressed is the conformation of the dendrimer. It is found that from the geometry optimization, different initial guesses can lead to different final structures, i.e. there are many local minima in one particular structure. Obviously, the global minimum should have the lowest energy. However, since for real applications the dendrimers are often dissolved in solutions, their final structures in solutions can not been directly compared to the global minima in gas phase. The meaningful approach is thus to provide the structure-to-property relationship that can be used for future experiments. We have chosen six representative local minima found by gas phase calculations for one-end-capped dendritic structures of compound A, some of them are shown in Fig.2 .
Ground state dipole moment µ g , projection of static first hyperpolarizability on dipole moment β µ , product µ g ·β 0 and its ratio of the dendrimer to the corresponding value for single strand chromophore are calculated for all dendrimers under investigation.
The β µ is defined as
which is a parameter that is comparable with experimental measurement. All results are given in Table I . It is clear that the nonlinear optical properties of dendrimers are strongly dependent on the conformations of the systems. Among six conformations for APM, the ratio for µ g ·β 0 between the dendrimers and the single strand chromophore are found to be in the range of 1.8 to 4.8. The increase of basis sets size has relatively small effects on the dipole moments and first hyperpolarizability by comparing with the results from 3-21G/LanL2DZ and 6-31G * basis sets. Considering the tremendous increase of computational costs with the 6-31G * basis set, it is more reasonable to adopt the smaller basis sets for calculations of such large systems. It is noted that the three branches in dendrimers form a helical structure, see Fig.2 . Large enhancement of β can be found when the three branches are more stretched than others, or in another word, three of them are more aligned, resulting in larger dipole moment. In Table I , results for dendrimers of compounds AHM and AHH are also given, in which only two local minima are included. Noted that the only difference among AMP, AHM, and AHH is the different R1 and R2 groups. The influence of basis sets on dipole moments and the ratios of µ g ·β 0 dendritic structures AHM and AHH are more significant than that of dendritic structures APM. Furthermore, the use of phenyl as R1 group helps to make the dendrimers more rigid. The initial guesses for confirmations of AHM 1 and AHM 2 given in Table I are similar to the corresponding APM 1 and APM 2 structures, but have much different final structures, as clearly demonstrated by the values for the dipole moments and hyperpolarizability. Both AHM 1 and AHM 2 have smaller dipole moment than that of single strand chromophore, indicating that the threebranches are less organized. The behavior of AHH dendrimers is between those of APM and AHM.
A recent experimental study has shown that NLO properties of dendrimers of compound A are sensitive to the solutions [20] . One of the interesting findings is that for dendrimers in 1,4-dioxane, three-fold enhancement of the hyperpolarizability and no band shift between the single-strand chromophore and the dendrimer charge-transfer bands have been observed. By inspecting Table I , it is noted that APM 6 has similar properties, the ratio is 3.28 and calculated CT states are very close to that of single-stranded chromophore, all around 489 nm. As shown in Fig.2 , three branches in APM 6 are symmetrically (quasi-C 3v symmetry) opened in space and have little interaction among them. This picture is consistent with the independent chromophore model proposed in Ref. [20] . When the three-branches get closer, interaction among them becomes stronger. Such interactions can be either constructive or deconstructive depending on the geometrical structure of the conformers. For instance the dendritic structures of APM 1 , APM 2 , APM 3 , and APM 4 are deconstructive, whereas APM 5 is constructive.
The first hyperpolarizability of compound B is about twice that of compound A. Similar to compound A, dendritic structures of compound B have also many local minima. We have calculated three one-end-capped dendrimers, named as BPM 1 , BPM 2 , and BPM 3 respectively and their results are given in Table II . The geometrical structure of BPM 2 is illustrated in Fig.3 , in which the three branches also have helical arrangement. The basis sets dependence for BPMs is similar TABLE III Calculated results for two-end-capped dendritic structures, AHMcx (x goes from 0 to 4), including ground state dipole moment µg, projected βµ, product µ g ·β 0 , and its ratio of the dendrimer to the single-strand chromophore A. to that for APMs. The properties are sensitive to the choice of conformations. Both BPM 2 and BPM 3 show strong enhancement of β. It is noted that for BPM 3 , the ratio of µ g ·β 0 between dendrimer and single-strand chromophore is about 5.52.
B. Two-end-capped model
The results obtained for one-end-capped model seem to suggest that more stretched chromophores can lead to better NLO properties. It is nature to expect that the chromophores could be better arranged if the ends of acceptors were also tightened up. Results for five two-end-capped dendrimers of compound A, AHMc0, AHMc1, AHMc2, AHMc3, and AHMc4, are listed in Table III . One of the structures, AHMc4, is shown in Fig.4 . We first turn our attention to the results from 3-21G/LanL2DZ basis sets. It can be seen that both dipole moment and the first hyerpolarizability of AHM dendrimers are strongly dependent on the the size of the cap used. For instance with small cap c0, the dipole moment becomes very large, while it gets smaller when the size of the cap increase. An exception has also been found for the longest cap c4, for which the dipole moment is as big as 10.43 a.u. The β values, however, are less sensitive to the choice of the cap, except for AHMc4, whose β value is about twice of the rest. Comparing with the results of 6-31G * , it is quite surprising to see that the use of big basis sets has very strong impact on the dipole moment and the first hyperpolarizability of AHMc4. As can be seen from Table  III , the dipole moments and hyperpolarizabilities of all two-end-capped dendrimers are quite similar, the ratio for µ g ·β 0 between dendrimer and single-strand chro- mophore is in the region of 1.9 to 3.24. In a recent experimental work [13] , two-end-capped dendrimer was synthesized and characterized. It is interested to note that the measured ratio for β between dendrimer and single-strand chromophore is found to be 2.44, which is in close agreement with our calculated results from 6-31G * basis sets. It seems to indicate that the use of two ends caps does not introduce any extra enhancements for the nonlinear optical response of compound A. Similar basis sets dependence has also been found for a two-end-capped dendrimer of compound B, BPMc4, as shown in Table II . However, the β value of dendrimer with two end-caps are superior to others.
C. Length dependent effect
The last thing that we have tried is to extend the conjugation length of compound A by inserting more ethylene units. Results for dendrimers with different ethylene units are given in Table IV . As expected, the increase of conjugation length leads to larger hyperpolarizability, but does not change the basis sets and conformation dependence for dipole moments and hyperpolarizabilities. The results from 6-31G * basis sets show that the one-end-capped model, such as APM 5 , performs better than the others.
IV. CONCLUSION
We have performed density functional theory calculations for the first hyperpolarizabilities of a series of dendritic structures that are formed by triply branched chrmophores with one or two end-caps. We have shown that with one end-cap, the nonlinear optical response of dendrimers can be largely enhanced when the three chromophores are highly stretched with good alignments. The use of two end-caps does not improve the performance of the dendrimers, so does the increase of the conjugation length. The calculated structure-toproperty relations have been used to explain various experimental observations.
